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Two-dimensional (2D) materials have shown great potential for gas sensing applications due to their
large specific surface areas and strong surface activities. In addition to the commonly reported
chemiresistive-type gas sensors, field-effect transistor (FET)-type gas sensors have attracted increased
attention due to their miniaturized size, low power consumption, and good compatibility with CMOS
technology. In this review, we aim to discuss the recent developments in chemiresistive- and FET-type
gas sensors based on 2D materials, including graphene, transition metal dichalcogenides, MXenes, black
phosphorene, and other layered materials. Firstly, the device structure and the corresponding fabrication
process of the two types of sensors are given, and then the advantages and disadvantages are also
discussed. Secondly, the effects of intrinsic and extrinsic factors on the sensing performance of 2D
material-based chemiresistive and FET-type gas sensors are also detailed. Subsequently, the current gas-
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rsc.li/pccp requirements for practical application.
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1. Introduction

During the past years, gas sensors have been widely used in
many fields, such as environmental monitoring," medical
diagnostics,"® and industrial safety. Considering the complexity of
indoor/outdoor gas environments or human exhalation, the require-
ments of higher sensitivity, excellent selectivity and fast response/
recovery rates should be fulfilled simultaneously for fabricated gas
sensors. Commonly, conventional gas sensing materials are based
on semiconducting metal oxides due to their facile preparation
and high stability.”® Moreover, metal-oxide-semiconductor-based
chemiresistive-type sensors usually exhibit higher sensitivity to their
target gases at elevated temperature. Although the operating
temperature can be decreased through loading noble metal
nanoparticles,”® the high cost and the slow recovery rate usually
limit their practical application. More importantly, MOS-based
semiconductors usually exhibit higher sensitivity to various kinds
of active gases, leading to poor selectivity of the gas sensors. In
addition, the limit detection concentration of MOS-based gas
sensors cannot meet the requirements for detecting lower gas
concentrations, such as characteristic gases in human exhalation
and high-precision testing environments. Therefore, there is an
urgent need to develop workable gas sensors with excellent
sensing performance for various sensing applications.

Since the first discovery of graphene, two-dimensional materials
have received great attention in various applications due to their
thickness-dependent physical and chemical properties. Especially,
the larger specific surface areas and the higher surface activities of
2D materials make them promising candidates for gas sensing.
Most recently, various materials have been added to the family of 2D
materials, such as transition metal dichalcogenides, black phos-
phorus, MXenes, and layered metal oxides, which have all exhibited
potential application in gas sensing fields."*™” The research studies
centered on two-dimensional materials for gas sensing applications
are numerous, and various strategies have been adopted to further
improve the sensing properties of 2D material-based gas sensors to
meet the increasing demand in practical application. However, the
room-temperature recovery rate, the long-term stability, the ultra-
low detection limit and the selectivity of fabricated gas sensors
based on 2D materials still need to be further improved. Therefore,
considering the existing problems of 2D material-based gas sensors,
the recent developments of 2D material-based gas sensors should
be detailed, including their sensor types, sensing mechanisms, and
influence factors.

There are various types of gas sensors, such as resistive-type,
optical, electrochemical, and FET-type gas sensors. On the basis
of two-dimensional materials, we mainly introduce two main
types of gas sensing devices, including chemiresistive-type and
FET-type gas sensors. Chemiresistive-type gas sensors have
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been considered to be the most commercialized sensor type due
to the simplicity of fabrication, high sensitivity and long-term
stability."® For this kind of gas sensor, the sensing layer is usually
composed of aggregated two-dimensional nanosheets, which are
deposited between two interdigitated metal electrodes on an
insulating substrate. The electrical resistance or conductance of
the sensing materials varies with different concentrations of the
exposed gases."® Meanwhile, for FET-type gas sensors, the sensing
layer is usually composed of a single two-dimensional nanosheet,
which is deposited between source and drain electrodes, forming a
conductive channel. A gate electrode is covered on another side of
the substrate through a thin dielectric layer.>>*" In addition to the
gas-induced changes in channel conductivity, the on/off ratio, the
threshold voltage and the swing rate of as-fabricated FET chips can
be changed by gas adsorption. Therefore, the target gases can be
detected by observing the changes in the transfer characteristics of
the device, which provide a variety of feature values to detect target
gases for better distinguishing complicated gas mixtures. Consid-
ering the differences in the working principle, sensor type, and
fabricating process of these two types of sensors, we will provide a
universal framework to describe the recent progress in two-
dimensional material-based chemiresistive- and FET-type sensing
materials, and their advantages and disadvantages will also be
summarized to aid the design of gas sensors with higher sensing
performance.

Although review papers concerning 2D material-based gas sen-
sors have been widely reported, including 2D heterostructures'®*>>*
and FET sensors,”> ™ the comparative study of chemiresistive-type
and FET-type gas sensors in 2D materials has rarely been reported.
In this review, we firstly introduce the device structures of these
two types of sensors. Secondly, the sensing mechanisms of
chemiresistive-type and FET-type gas sensors are detailed. Sub-
sequently, the recent progress of two-dimensional material-
based chemiresistive- and FET-type sensors is systematically
introduced, including graphene, TMDs, MXenes, BP, and the
other layered materials. Lastly, the perspectives of chemiresistive-
and FET-type gas sensors based on two-dimensional materials are
given to reveal the advantages and disadvantages of these two
types of sensors. We believe that the comparative study of the
sensing mechanisms and sensing properties of two-dimensional
materials-based chemiresistive- and FET-type gas sensing will be
valuable to 2D material-based gas sensing fields.

2. Sensor type and device structure

During the past years, to meet the requirement of gas detecting
in many different fields, various types of gas sensors have been
adopted, such as chemiresistors,*® field-effect transistors (FETs),>’
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Table 1 Comparison of key factors in chemiresistive- and FET-type gas sensors

Sensor type Sensing mechanism Electrode = Parameters Advantages Disadvantages
Chemiresistive ~ Oxygen ionization/ Two Resistance/conductivity ~ Easy fabrication, low cost Power consumption,
oxygen vacancy model inconsistent performance
between different chips
FET Surface charge Three Electric current, on/off Multi-parameters, compatible  Tedious fabrication

transfer/ Schottky

barrier height swing rate

Schottky diodes,***" surface acoustic waves,”*>* conductometric

sensors,”>” and impedance sensors.*®**° Different types of gas
sensors work in different ways, and the corresponding definition
of the sensor response also changes with the sensor type. More-
over, the device structures in different types of gas sensors have
evolved with the development of gas sensors. Here, on the basis
of 2D materials, we mainly introduce chemiresistive-type and
FET-type sensors from the material preparation to the construc-
tion of the device structure (Table 1).

2.1 Chemiresistive-type

Chemiresistive-type sensors have been considered to be the
most commercialized sensor type due to their ease of fabrication,
simplicity of operation, cost-effectiveness, and low power con-
sumption, and they are composed of an inert substrate and two
metallic electrodes. Commonly, there are two kinds of inert
substrates, namely, tubular type and flat-plate type. For the tubular
shape, the sensing materials are firstly dispersed in ethanol
solution with a relative viscosity, and then the mixed solution is
uniformly wiped on the tubular substrate with integrated electro-
des, which is mounted on the base for gas detecting. For the flat-
plate chip with interdigital electrodes, the sensing materials mixed
with organic solvent are firstly screen printed on a plate chip,
which is annealed in an oven to remove the organic solvent for gas
detecting. Also, flat-plate-based sensors can be fabricated by
directly drop-casting the mixed solution of sensing materials and
ethanol on the plate chip for testing. An external or internal heater
is usually needed to control the operating temperature of these two
sensor chips. On the basis of the shape of these two sensor
chips, most 2D sensing materials in chemiresistive-type sensors
are prepared using wet-chemical synthesis methods, including
hydrothermal routes, liquid-assisted exfoliation, template-
assisted synthesis, and self-assembly methods. Of course, other
methods can also be adopted to prepare 2D materials, such
as chemical vapor deposition, atomic layer deposition, and
E-beam evaporation. Compared with these methods, wet-
chemical synthesis has the advantage of high yield and mass
production of 2D materials. However, it is very difficult to
control the actual thickness of the sensing films, which cannot
maintain the consistency of the as-prepared sensing chips.
Moreover, as-fabricated sensing films by drop-casting or dip-
ping are usually composed of many aggregated nanosheets.
Therefore, the reduced active sites and the existence of extra
grain boundaries between nanosheets could lead to decreased
sensing properties of the 2D materials. To solve this problem,
in situ controllable growth of 2D materials with a specific
thickness could be an effective method.
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ratio, threshold voltage,

to CMOS, tiny size, high yield

2.2 FET-type

FET is another type of device with high utility in gas sensing; it
consists of source and drain electrodes, 2D sensing material
channels, an insulating gate oxide, and a gate electrode. There
are various types of FET-type gas sensors, such as thin-film
transistors, catalytic metal gate FET, suspended gate FET,
capacitively coupled FET, and horizontal floating-gate FET
types.*' Here, we mainly focus on thin-film transistors,
which detect target gases by calculating the changed device
parameters, including the on/off current, threshold voltage,
threshold swing, and charge mobility. For FET-type sensors,
the sensor substrate can be either silicon covered with an
insulating thin layer of silicon oxide or a flexible substrate with
wearable characteristics. Commonly, 2D sensing materials are
transferred on the substrate using a transferring platform
under optical microscopy, and then the as-transferred samples
are spin-coated with an organic layer for developing. After that,
the electron-beam deposition of source and drain electrodes is
processed for the subsequent electrical testing. It can be found
that the whole fabrication process is long. To solve this
problem, some researchers placed the electrode directly onto
two terminals of 2D materials using a tungsten needle with a
1 pm tip size with the aid of a transfer platform to avoid using
complex photolithography technology. As for silicon substrates,
2D materials are usually prepared by mechanical exfoliation or
a direct CVD growth method, followed by further functionaliza-
tion. Considering the lower thermal stability of the flexible
substrates, the corresponding FET sensing chips are mostly
based on the dry or wet transfer of mechanically exfoliated
or CVD-grown 2D materials. Additionally, liquid-assisted
exfoliation has been adopted to prepare 2D materials. Usually,
after intercalation of ions, the dispersed thin layer materials are
spin-coated on the substrate and dried in a vacuum oven.
The target 2D materials are firstly confirmed by atomic force
microscopy and are then used for the following chip fabrication.

3. Sensing mechanism
3.1 Chemiresistive-type gas sensing

Commonly, the response of chemiresistive-type sensors is
determined by the conductive ratio before or after exposure to
target gases, which involves the major carrier concentration and
carrier mobility. Among them, the changes in carrier concen-
tration largely depend on the specific surface area for gas adsorp-
tion and the number of active sites for gas reaction. That is why
two-dimensional materials with large specific surface areas are

This journal is © the Owner Societies 2021
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usually used for sensing materials. Concerning the active sites,
two different kinds of theories exist for n-type and p-type
semiconductors, respectively. For n-type semiconductors, oxy-
gen species are considered to be the active sites for gas
reaction, and the oxygen ionization model or oxygen vacancy
model is usually employed to detail the sensing mechanism.*>
However, metal vacancies act as the active sites for gas reaction
in p-type semiconductors.”® In addition to the effect of the
carrier concentration, the carrier mobility is a determining
factor that affects the signal transduction of sensors, depend-
ing on the intrinsic carrier mobility of sensing materials, the
grain-boundaries between the two-dimensional nanosheets,**
and the barrier height between the electrode and the sensing
materials. On the basis of the above discussions, the sensing
properties are determined by many factors, such as specific
surface area, defect density, barrier height between sensing
materials and electrode, and intrinsic carrier mobility. More-
over, the stacking effect or the opposite effect could occur in the
gas-sensing process. For instance, adjusting the defect density
can usually lead to decreased carrier mobility of two-dimensional
materials, decreasing the conductivity transduction efficiency
after exposure to the target gas. Therefore, to improve the sensing
properties of two-dimensional semiconductors, the factors
affecting the sensing properties of two-dimensional materials
should be comprehensively considered for better design, including
pore size, defect density, and specific surface area, which can be
read in the references.

The sensing mechanism will become more complicated
when nanocomposites are constructed for improving the sensing
properties. Here, we place more emphasis on the sensing
mechanisms of two-dimensional material-based nanocompo-
sites, such as 0D/2D, 1D/2D, and 2D/2D. For 0D/2D nano-
composites, metal oxide quantum dots (QDs), noble metal
nanoparticles, and other inorganic ternary QDs are widely
employed to improve the sensing properties of 2D materials.
The enhanced sensing properties of 0D/2D nanocomposites
can usually be well explained using the electronic sensitization
mechanism*® and chemical sensitization mechanism."® For
instance, noble metal nanoparticle modification could be help-
ful for the dissociation of gas molecules, and it can then
facilitate the gas-sensing reaction with the active sites of two-
dimensional materials. 0D QDs with suitable energy band
structures can also form various types of heterostructures with
2D materials, which exhibit enhanced sensing properties due to
the electronic sensitization effect, involving interfacial charge
transfer and modulation of the barrier height between two
phases before or after exposure to the target gas. Additionally,
1D nanorods, nanowires, or nanotubes have been used to
improve the sensing properties of 2D sensing materials. The
enhanced sensing properties of 1D/2D nanocomposites are
attributed to the synergistic effect of the two phases, in which
2D materials act as conducting channels and 1D nanomaterials
act as active sites for gas adsorption, enabling the orientation of
charge transfer between the two phases and further modulation
of the barrier height between the 1D and 2D materials. As for
2D/2D nanocomposites, the target gas molecules can reach the
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2D-2D heterostructure interface due to the atomic thickness of
the 2D materials and then interact with the two kinds of 2D
materials independently. Larger modulation of the heterointerface
barrier height and band alignments aroused by gas adsorption will
occur due to the variation in charge transfer between the adsorbed
gas and different layer materials, leading to enhanced sensitivity
of 2D/2D nanocomposites compared to the bare 2D materials.
In addition to the above discussions of 2D material-based nano-
composites, the sensing mechanism of 2D material-based gas
sensors will be further detailed in the following part based on
specific 2D material systems.

3.2 FET-type gas sensing

A typical FET gas sensor is composed of source and drain
electrodes, sensing materials, the gate oxide, and the gate
electrode. The response of an FET gas sensor is determined
by the changes in conductance of the channel materials before
or after exposure to the target gas, which are usually governed
by intrinsic properties of the channel materials, such as work
function, carrier mobility, layer number, defect density, and
band gap. In addition to these factors, the reasonable selection
of bias voltage values, sources and drain electrodes with
suitable work functions is also helpful for the transduction of
electrical signals, leading to enhanced sensing properties of
FET gas sensors. Similar to chemiresistive-type sensors, the
conductance of 2D sensing materials will increase or decrease
after exposure to target gases, depending on the conduction
type of sensing materials and the donor or acceptor behavior of
adsorption gases. Therefore, the surface charger transfer between
the adsorbed gases and sensing materials is usually adopted to
detail the sensing mechanism of FET-type sensors, attributed to
the physical adsorption or chemical adsorption of gas molecules
on 2D channel materials. However, the carrier injection efficiency
is also an important factor to affect the sensing properties of FET-
type sensors; it is largely dependent on the work function of the
drain/source electrode and 2D materials and the intrinsic charge
mobility of the sensing materials. The Schottky barrier height will
form due to the mismatch of the work function between the
sensing materials and electrodes, leading to the degradation of
carrier injection and then to poor sensitivity of the FET-type
sensors. Considering the characteristics of the layer-dependent
energy band structure in two-dimensional materials, the layer
number also plays an important role in the sensing process,
which will be detailed in the following part on the basis of
specific materials systems. Beyond that, the channel length and
defect density of the 2D sensing materials can also affect the
sensing properties of FET-type sensors. However, the dominant
factor should be extracted for the better design of FET-type
sensors with higher sensing performance.

4. Sensing materials

Because of their large specific surface areas and large numbers
of active sites, 2D materials have shown great potential for gas
sensing applications. In this section, we introduce the recent
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progress on 2D-materials-based chemiresistive-type and FET-
type sensors, including the microstructures of the 2D materials,
the synthesis methods, a comparison of the sensing properties,
and the corresponding sensing mechanisms.

4.1 Graphene

4.1.1 Structure and synthesis method of graphene. Gra-
phene, a two-dimensional monolayer of sp>-bonded atoms, has
been considered as a promising sensing material due to its
large specific surface area and extremely high electron mobility.
Especially, owing to its 2D structure, every carbon atom is a
surface atom which can be sensitive to adsorbed molecules.
Graphene can be prepared by using physical or chemical
methods. In its initial preparation stage, graphene was synthesized
by mechanical exfoliation. Afterwards, due to the inefficiency of
mechanical exfoliation, the epitaxial growth method*® and
chemical vapor deposition method*” were adopted; however, the
required high temperature or ultrahigh vacuum conditions could
limit its practical application. Subsequently, as a derivative of
graphene, graphene oxide (GO) with oxygen functional groups
became a potential gas-sensing material, and it was prepared by
the Hummers’ method.*® However, GO is an electrically insulating
material that cannot be directly used for gas sensing. To
address this issue, reduced graphene oxide with conductivity
can be obtained through using various reduction methods,
including thermal reduction*® and chemical reduction,’®>* as
shown in Fig. 1.

4.1.2 Graphene-based chemiresistive-type gas sensors.
Because of their large specific surface areas for molecule
adsorption and outstanding electrical properties with low noise level
and high carrier mobility, graphene-based materials have received
great attention for gas sensing, especially for chemiresistive-type
sensors. To meet the requirements of gas detection in practical
applications, graphene-based sensing materials have undergone
a long change from bare graphene to graphene-based ternary

Graphene

@ carboxyl

Graphite oxide

Graphite

Graphene oxide
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nanocomposites. Initially, mechanically exfoliated graphene
prepared by Novoselov et al.>® was employed for gas sensing,
and it exhibited a limit of detection down to parts per billion.
According to the Hall measurements of graphene sensors, it was
confirmed that gas-induced changes in resistivity had different
magnitudes for different gases, in which the donor character-
istics of NH;, CO, and ethanol were confirmed as well as the
acceptor characteristics of NO,, H,O, and I,. Inspired by this
work, extensive theoretical and experimental research of
graphene-based sensors was processed. Using first-principles
calculations,* the optimal adsorption positions and orientations
of various types of molecules on defective and functionalized
graphene® > were determined and the adsorption energies were
also calculated, which could be helpful for the elaboration of the
charge transfer mechanism and the improvement of sensing
properties in graphene-based gas sensors. Afterwards, reduced
graphene oxide (rGO) prepared by low-temperature solvent
thermal reduction®® or chemical reduction®®®” was used for
gas sensing, and it also presented excellent sensitivities to gas
molecules. To further improve the sensing properties of bare
rGO-based gas sensors, rGO composited with the second phase
was widely reported, such as carbon nanotubes®® and conductive
polymers.>® Especially, rGO decorated with various metal oxides
was widely reported to enhance the sensing properties, including
Sn0,,"* W0,,%>%* Ni0,*! Zn0,*® In-doped Sn0O,,*® In,05,*” which
exhibited largely enhanced sensing properties compared to the
bare rGO or the bare metal oxide due to the formation of
heterojunctions and increased active sites for gas adsorption.
Recently, ternary nanocomposites were also prepared for gas
sensing. For instance, rGO-SnO,-multiwalled carbon nanotubes
prepared by a hydrothermal method exhibited enhanced room-
temperature NO, sensing performance compared to rGO-SnO,
sensors.®® Moreover, in our previous work, NiO-rGO composited
with SnO, was successfully prepared for gas sensing;" it exhibited
a remarkably higher response to NO, at room temperature with a

Reduced graphene oxide

(GO) (rGO)

Fig. 1 Schematics of the chemical structures of graphene, graphene oxide, and reduced graphene oxide; route of graphite to reduced graphene oxide.

Reproduced from ref. 45 with permission from American Chemical Society.

15424 | Phys. Chem. Chem. Phys., 2021, 23,15420-15439

This journal is © the Owner Societies 2021


https://doi.org/10.1039/d1cp01890f

Published on 02 July 2021. Downloaded on 20/02/2026 6:21:53 PM.

Perspective

View Article Online

PCCP

70
(a) "= (C)
60 «=NiO-rGO
Og —+=NiO-8n0,GO 3001 12h APYES
= 504 o s. 4
=) In air ~0' negatively charged
O 40 Go
o Fo o, v-Fe,0, APTES-modified 1-Fe,0, 1-Fe,0,@GO
9© 3]
[
2 2]
o Drop coating
2 10
]
X o] zoo‘ I12h
0 10 20 30 40 50 60 Roducnon
Concentration(ppm)
( b ) ——NiO-1GO (d ) The interdigital electrodes
10000 ——NiO-Sn0,-1GO "
’ g — = i 3.5x10
8000 " -Fe,0
~10° 3.0x10°
a 10 a
2 6000 = [NO,in S
g 810y | g 25x10°
1 c
& 4000 10° -
" 3l f £ 20x10°
® 10° NO, off =
2000 & H &
o 1.5x10
, 10}
0 10 20 30 40 50 60 # 1.0x10°
i 100 250 s00 750 1000 1250 1500 0 1000 2000 3000 4000 5000 6000 7000
Concentration (NO, ppm) Time (s) Time (s)

Fig. 2

(a) Comparison of the sensitivity of as-prepared samples to different concentrations of NO,. (b) Time constants of the recovery curves of

NiO-rGO and NiO-SnO,-rGO at different NO, concentrations. Reproduced from ref. 1 with permission from Elsevier. (c) The fabrication procedure of
v-Fe,0O3@RGO-based sensing devices. (d) The changes of the sensor resistance values of y-Fe,Os, y-Fe,Oz@RGO, and RGO towards 50 ppm NO,,
respectively; the response repeatability of the y-Fe,Os@RGO sensor when exposed to 50 ppm NO,. Reproduced from ref. 61 with permission from

Elsevier.

fast response/recover rate, and the response of the ternary nano-
composites to 60 ppm NO, was 10 times larger than that of NiO-
rGO under the circumstance of a nearly equal specific surface area
(Fig. 2a and b), indicating the important role of the heterojunction
and the formation of C-O-Ni interface bonds. Although demon-
strations of improvement in the room-temperature sensing
performance of graphene-based nanocomposites are numerous,
the sensing chips fabricated based on the drop-casting method
can hardly maintain repeatable sensing properties. To solve this
problem, uniform 3D Fe,05-@rGO core-shell films were deposited
by magnetic-field-assisted drop-coating,*® as shown in Fig. 2c; this
approach solves the coffee ring effect problem caused by the
drop-coating method, exhibiting excellent sensitivity, selectivity
and repeatability (Fig. 2d).

4.1.3 Graphene-based FET-type gas sensors. Because graphene
is an exceptionally low-noise material electronically, graphene-based
FET sensors were firstly adopted by F. Schedin et al.” for detecting
individual gas molecules. The adsorbed molecules change the local
carrier concentration in graphene by one electron at a time, leading
to step-like changes in resistance. In addition to the changes in
resistance aroused by gas adsorption (Fig. 3a), the increased gas
exposure shifted the V-shaped (V) curves as a whole, and the curves
became broader around the neutrality point (Fig. 3b). Together with
the unaffected Hall-effect mobility, the lack of significant changes in
their shape and the parallel shifts prove that the gas adsorption did
not affect the scattering rate. Therefore, the detection of gas
molecules by using graphene FET sensors was mainly based on
the changes in conductivity, which were caused by carrier doping. In
this study, it is worth noting that the adsorbed molecules were
strongly attached to the graphene devices at room temperature,
which cannot be recovered unless annealed in vacuum.

This journal is © the Owner Societies 2021

Recently, TiO,/graphene hybrid FET sensors with varied hybrid
areas were used for NH; sensing, which can maintain superior
sensing and recovery performance simultaneously through a
switch in the sensing mode via gate biasing, attributed to
the Coulomb interactions between the charged polar donor
molecules and positively polarized surface.”" In other work, to
further improve the sensing properties of graphene-based FET
sensors, surface modification layers of a silicon substrate were
employed to reduce any unintentional doping by screening the
charged impurities.”” Fig. 3¢ shows the fabrication process of
PS brush-modified graphene FETs. After insertion of a poly-
styrene (PS) brush, reduced doping of graphene on the PS brush
leads to a low base current at V, = 0 V, and the current increase
upon NO, exposure is higher in the graphene/PS brush
(Fig. 3d). Additionally, the hole mobility of the graphene on
the PS brush is around 3.5 times higher than that of graphene
on the bare SiO, substrate, leading to a faster response to gas
molecules. Moreover, graphene FETs on the PS brush exhibited
a lower limit of detection (LOD) compared to the graphene
FETs on the bare substrate, attributed to the reduced doping of
graphene by blocking charged impurities on SiO,/Si with a PS
brush interlayer. This study indicated that the control of
substrate-induced doping of graphene is a direct method to
improve the sensing properties of graphene-based FETs.

4.1.4 Summary of graphene-based gas sensors. As described
before, graphene has received great attention in chemiresistive-
type and FET-type gas sensors, which all exhibit superior sensing
properties. For graphene-based chemiresistive-type gas sensors,
although the theoretical demonstration of selective gas adsorption
of N-doped or Al-doped graphene has been reported, practical
preparation of such sensors has still not been revealed to date.
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Therefore, the poor selectivity problem is a long-standing issue.
Besides, graphene is mostly employed in substrate materials to
composite with other sensing materials due to the existence of
functional groups, the large specific surface area and the higher
electron mobility, leading to enhanced sensitivity of the nano-
composites compared to their single phase sensing materials.
However, the sensing properties of graphene-based chemiresistive-
type sensors should be further improved, such as excellent
selectivity, lower limit of detection, and higher sensitivity. To
attain this goal, the precise control of the distribution and
amount of the second phase, the adoption of monolayer
graphene or graphene oxide in nanocomposites, and function-
alizing with specific functional groups could be future directions
for graphene-based chemiresistive-type gas sensors. Compared
with chemiresistive-type sensors, graphene-based FET-type sensors
have demonstrated miniaturization and ultralow power consump-
tion with V-shaped conductivity profiles. Especially, together with
the pre-bias effect, multi-parameters such as threshold swing,

15426 | Phys. Chem. Chem. Phys., 2021, 23, 15420-15439

threshold voltage, and electron mobility offer an effective tool to
distinguish mixture gases. However, graphene-based FET-type
sensors are still in their infancy owing to their tedious fabrication
processes, slow recovery rates, lower sensitivity, etc.; this could
be addressed by integration of graphene and sensing devices,
substrate or surface modification, and introduction of an external
light source.

4.2 2D TMDs

4.2.1 Structure and synthesis method of 2D TMDs. TMDs
have a layered structure with the general chemical formula of
MX,, where M is a transition metal element (e.g., Mo, W, V, Nb)
and X stands for a chalcogen (e.g., S, Se, Te). Commonly,
monolayer TMD is composed of three atomic layers, in which
a transition metal layer is sandwiched between two chalcogen
layers. Depending on the different coordination models
between M and X atoms or the stacking orders between layers,
different crystal structures of MX, can be formed, including 2H,
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1T, 1T', and 3R™ (Fig. 4). Among them, the 2H and 1T phase
structures are the most reported for various applications, corres-
ponding to the semiconducting phase and metal phase. Moreover,
the phase structures can be transformed into each other under
external conditions, such as strain or high pressure. On the basis of
the layered structure of TMDs, the synthesis method of 2D TMDs
can be divided into two categories: top-down and bottom-up
methods. The top-down methods include mechanical exfoliation,
mechanical force-assisted liquid exfoliation, and ion intercalation-
assisted liquid exfoliation, which are mainly based on the exfoliation
of thin layer 2D crystals from layer bulk crystals. In contrast,
bottom-up methods include CVD growth and wet-chemical
synthesis, which are dependent on chemical reactions of certain
precursors at specific experimental conditions.

4.2.2 2D TMDs-based chemiresistive-type gas sensors.
TMDs prepared by different methods, such as mechanical exfolia-
tion, ion insertion-assisted exfoliation, and wet synthesis, have been
widely used for gas sensing due to their atomic thin layer structures
with large numbers of active sites. The reactive gaseous species
adsorb on the surface of the sensing material, thus changing its
resistance through surface-gas analyte interactions and the charge
transfer process. In our previous work,* different layer WS,
nanosheets prepared using a lithium-ion intercalation method were
used for room temperature NH; sensing. Although the response
values decreased slightly with decreasing layer number of WS,,
the room temperature recovery rate of monolayer WS, rapidly
and linearly shortened as the number of layers decreased
(Fig. 5a), exhibiting potential application in room-temperature
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Fig. 5 (a) Response-recovery curves of WS, nanosheets with different layers to 250 ppm NH3z at room temperature. (b) Configurations of NHz adsorbed
on single layer WS, and in the interlayer space of bulk WS,. Reproduced from ref. 74 with permission from Elsevier. (c) The responses of nanocomposites
and bare monolayer WS; as a function of NH3z concentration. XPS spectra of O 1s (d) and S 2p (e). Reproduced from ref. 75 with permission from Elsevier.
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NH; sensing. Especially, the fast recovery rate of monolayer
WS,-based sensors is well-explained by using first-principles
calculations, which indicated different binding energies between
NH; and the surface (—0.179 eV) or interlayer (—0.356 €V) of
layered WS, (Fig. 5b), contributing to the different recovery rates of
WS, sensors with different layer numbers. To improve the room-
temperature NH; sensing properties of WS,, WS, decorated with
TiO, QDs was prepared by a wet-chemical synthesis method; it
exhibited largely enhanced sensitivity to NH; at room temperature,
as shown in Fig. 5c, attributed to the effective electron transfer
between WS, and TiO, QDs through S-O-Ti bonds, which was
confirmed by XPS analysis (Fig. 5d and e). Moreover, the prepared
nanocomposites exhibited long-term stability, showing no decline
in sensitivity after several testing cycles.”” In another study, rGO
composited with WS, prepared by a one-step hydrothermal
method was also employed for room-temperature NH; sensing;
the composite exhibited excellent sensitivity, selectivity and stabi-
lity to 10-50 ppm NH; at room temperature. The authors attrib-
uted the enhanced sensitivity to the introduced hydroxyls by rGO
nanosheets and extra acid centers induced by WS, nanoflakes.”® In
addition to NH; sensing, ultrathin p-type WS, nanosheets synthe-
sized by hydrothermal and calcination processes were employed
for NO, sensing; the response of p-type WS, sensors to 0.1 ppm
NO, at room temperature is 9.3%, attributed to the ultrathin
nanostructure and the rough surface of the WS, nanosheets.””
Recently, p-type WS, nanosheets prepared by sulfurization of WO,
nanomesh were employed to detail the different sensing mecha-
nism of WS, nanosheets for NO, and H,S sensing. It was found
that WS, nanosheets do not require oxygen for NO, sensing, while
oxygen is essential for H,S sensing. This study based on the effect
of oxygen content on the sensing properties of WS, nanosheets is
of great significance for the application of sensors in different
7% In addition, 2D WSe, has shown increasing
potential in NO, sensing. On the basis of first-principles
calculations, the electronic properties of monolayer WSe, can
be regulated by NO, adsorption,”® which exhibits good prospects
for NO, sensor applications. For instance, WSe, nanosheets
prepared by a sonication-assisted exfoliation method using
NMP as a dispersant were used for NO, sensing; they exhibited
a low experimental LOD of 50 ppb with a high sensitivity of 5.06,
which is superior to many TMDs-based gas sensors at room
temperature, attributed to the larger specific surface area of 2D
WSe,.*° In addition to the commonly reported TMDs, other
TMDs, including SnSe,, SnS,, and NbSe,, have been adopted
for gas sensing applications. In our previous work, scalable SnS,
nanosheets composed of 1-3 layers were prepared by chemical
exfoliation, which exhibited enhanced room-temperature NHj;
sensing properties. Especially, the response time of the as-
prepared SnS, sensor (16 s for 500 ppm NHj;) is the shortest
among all the TMDs-based room-temperature NHj3; sensors,
attributed to the effective NH; adsorption on the high energy
defect sulfur vacancies of 2D SnS,.*' Subsequently, SnO,-SnS,
hybrids synthesized by the oxidation of SnS, at 300 °C with
different times exhibited high response to NH; at room tempera-
ture (Fig. 5f). Moreover, it was found that the response of hybrids
to NH; at room temperature exhibited a strong dependence on the

environments.
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amount of interfacial bonds (Fig. 52). The increased amount of
interfacial bonds led to a higher response of the hybrid to NH; at
room temperature.®* Similarly, the SnSe, thin film prepared by a
thermal evaporation method with a portion of SnSe on its surface
was employed for NO, sensing. It was found that the constructed
SnSe-SnSe, heterostructure exhibited a response of 112% to
5 ppm NO, at room temperature with fast response and recovery
rates.® Although the reports of TMDs-based gas sensors are
numerous, further improvement in the sensing properties of 2D
TMDs, including selectivity, sensitivity, and room-temperature
recovery rate, are needed for their practical application.

4.2.3 2D TMDs-based FET-type gas sensors. Due to their
atomic layer structures with larger specific surface areas and
higher carrier mobility in FET-type electronic devices, 2D TMDs
have also received great attention in the FET-type gas sensing
field. For instance, two-layer and five-layer MoS, prepared by
mechanical exfoliation were firstly adopted for FET-type gas
sensing, and the device structure of the FET-type sensors is
shown in Fig. 6a. It was found that the response of five-layer
MoS, to NH3, NO, and water vapor was higher than that of two-
layer MoS, (Fig. 6a), and the selectivity of MoS,-based FET-type
gas sensors was also enhanced by tuning the gate voltage and
introducing an extra light source. The authors attributed the
different sensitivities to the surface charge transfer between the
MoS, and gas molecules.®* Besides, monolayer MoS, prepared
by CVD growth was employed for FET-type gas sensing, and the
fabricated FET-type sensors could detect 20 ppb NO, and 1 ppm
NH; at room temperature. It was believed that the sensing
properties were determined by the Schottky barrier height.®®
Similarly, multi-layer MoS, prepared by the CVD method also
exhibited stable sensing properties to 1.2 ppm NO,, and the
effect of electrode resistance on the gas sensing properties was
also detailed by using a graphene electrode instead of a Au/Ti
electrode.®® Afterwards, the sensing properties of MoS,-based
FET-type sensors were enhanced by optimizing the layer number,
bias voltage, gate voltage, channel dimension and substrate.®”
Despite this, the sensitivity of bare MoS, based FET-type sensors
is still facing challenges of higher sensitivity and excellent selec-
tivity due to limitations in the intrinsic properties of bare MoS,. To
improve the sensing properties of MoS,-based FET-type sensors
and enlarge their detection range, deposition of metal nano-
particles (Ag, Au, Pt, Pd, Sc, and Y) prepared by e-beam evaporation
was employed as a kind of modifier to investigate the effect of the
work function of the metal nanoparticles on the threshold voltage
and conduction type of FET-type devices. It was found that the
doping level increased with increasing work function of the metal
nanoparticles, and the doping effect was largely enhanced by
reducing the layer number of 2D materials. In addition, it was
confirmed that potential room-temperature H, detection can be
attained by Pd decoration.®® Recently, to further improve the
sensitivity of MoS,-based FET-type gas sensors, surface molecule
modification,® constructing heterostructures with different phase
structures®® or different components® has been widely
reported. For instance, optimal molecule decoration with tetra-
fluorotetracyanoquinodimethane (F,TCNQ) on the surface of
gold-assisted exfoliated large-scale thin MoS, was realized by
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thermal deposition.*® The response of F,TCNQ-modified MoS,
was greatly improved by two or three orders of magnitude under
all ranges of NH; concentration, and the main mechanism for
the enhanced sensitivity could be attributed to effective charge
transfer due to band alignment among the heterogeneous
structure. More importantly, it was concluded that organic
molecules with similar chemical properties to F,TCNQ can also
effectively improve the sensing properties of MoS,-based FET-
type sensors. In another work, temperature-modulated 1T/2H
heterophase in lithium-exfoliated nolayer MoS, was prepared for
FET-type gas sensing, and it exhibited a p-type semiconducting
characteristic with the highest responsivity of 25% to 2 ppm NO,
and the shortest response of 10 s when the ratio of 1T to 2H was
0.67°° (Fig. 6b). Heterostructures with different components were
also reported for gas sensing, in which p-type WSe,/WS, gas
sensors exhibited selectivity to NO, gas and n-type MoS,/WSe,
gas sensors exhibited a higher response to NH; than to NO,, as
shown in Fig. 6¢. It was also found that the exposed surface plays
the most dominant role in transferring the charges from the
gas, while the underneath layer could affect the responsivity
depending on the type of heterostructure materials and the
exposed gas.”* Although the sensing properties of 2D TMDs-based
FET-type gas sensors was improved to some extent through
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optimization of the electronic device parameters, metal nano-
particle decoration, constructing heterostructures and organic
molecule modification, many drawbacks also exist that need to
be solved for the practical application of these sensors, such as
surface charge transfer mechanism-induced poor selectivity,
slow recovery rate, humidity-dependence, and instability after
repeated use.

4.2.4 Summary of 2D TMDs-based gas sensors. With the
development of TMDs-based chemiresistive-type gas sensors,
2D TMDs have been widely used for gas sensing, from layer
number modulation and evolution of the exfoliation method to
constructing nanocomposites with a second phase. All of these
methods aim to improve the sensing properties of 2D TMDs,
including the recovery rate, selectivity and sensitivity. In spite
of this, the sensing properties of 2D TMDs should be further
improved to meet the higher requirements in the extremely low
concentration gas mixtures. Moreover, the sensing mechanisms
of nanocomposites with enhanced sensing properties should be
more detailed rather than the synergistic effect of the constituents,
which could offer a guideline to further improve the sensing
properties. Considering the excellent optoelectronic properties of
2D TMDs, the photovoltaic effects induced by self-powered TMDs-
based chemiresistive gas sensors could be future directions to
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reduce power consumption. Compared with TMDs-based chemi-
resistive-type sensors, FET-type gas sensors based on 2D TMDs are
attracting increasing attention due to the intrinsic optoelectronic
properties of 2D TMDs and the miniature size of the gas sensing
devices, which exhibit vast potential in gas sensing fields. On the
basis of reported research work, the effects of the layer number,
work function, contact resistance and channel resistance should
be more detailed. Besides, the humidity effect, the room-
temperature recovery rate and the sensitivity should be compre-
hensively considered, which could be solved by encapsulation, the
introduction of an extra light source or constructing an effective
heterojunction with the screened second phase.

4.3 2D MXenes

4.3.1 Structure and synthesis method of 2D MXenes. 2D
MXenes are a class of layered transition metal carbides and/or
nitrides that are produced from bulk MAX phases, where M is
the transition metal (e.g., Ti, V, Cr, Nb, etc.), A is an A-group
element (mostly ITIA or IVA), and X is either C or N. The MAX
phases have a layered, hexagonal structure, in which M layers
are nearly hexagonally close-packed together and X fills the
octahedral sites, as shown in Fig. 7a.°® It should be noted that A
is commonly metallically bonded to the M elements and
interleaved in M,.X, layers with stronger metallic bonding,
making it impossible to exfoliate MAX phases into ultrathin 2D
materials. Therefore, MXenes with three different structures
(MpX, M3X,, and M,X;3) are usually prepared by selectively
etching the A layer followed by exfoliation methods (Fig. 7b).
In a typical process, a powder of a MAX phase is immersed and
stirred in aqueous HF solution for selective etching of A layers
without disrupting the M-X bonds; then, ultrathin 2D MXenes
can be obtained by sonication of the intermediate product in

(a)

Sonication
in DI Water

Ti,C, Solution in Water

Fig. 7 (a) Atomic and crystal structure MAX phases. Reproduced from
ref. 91 with permission from American Chemical Society. (b) Schematic of
the TisC,T, synthesis procedure. Reproduced from ref. 93 with permission
from American Chemical Society.
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solution. However, not all of the MAX phases can be exfoliated
into ultrathin MXenes, and the commonly used etching agent is
a strong corrosive chemical (HF) that should be replaced by
safer etching agents.

4.3.2 2D MXenes-based chemiresistive-type gas sensors.
Since the discovery of MXenes in 2001, many kinds of MXenes
have been successfully prepared. Among them, Ti,CTy has been
suggested to have potential for sensing different gases, such as
NHs;, based on theoretical studies.”® Afterwards, Ti;C,T, was
firstly reported for volatile organic compound (VOC) sensing; it
was synthesized by removal of Al atoms from Ti;AlC, and
integrated on flexible polyimide platforms. Moreover, the
as-fabricated Ti;C,T, sensors can measure ethanol, methanol,
acetone, and ammonia gas at room temperature and show
p-type sensing behavior. The probable sensing mechanism
was also proposed in terms of the majority charge carrier
transfer between the sensing material and gas species, and
the device structure of the as-fabricated chemiresistive-type
sensors is shown in Fig. 8a.°* Owing to the fully covered
functional groups and the metallic conductivity behavior,
Ti;C,T, sensors exhibited high selectivity toward hydrogen-
bonding gases over acidic gases (Fig. 8b), and the empirical
low limit of detection (LOD) of 50 ppb and the theoretical LOD
in the sub-ppb level for VOC gases are the lowest of any gas
sensors based on 2D materials operating at room temperature.
Especially, the signal-to-noise ratio of Ti;C,T, sensors was up to
2 orders of magnitude higher compared to that of all other 2D
materials, as shown in Fig. 8c. Interestingly, Ti;C,T, sensors
displayed a positive variation of resistance regardless of the
type of gases (reducing or oxidizing gases), indicating that the
charge carrier transport of the channel was always hindered
when a gas molecule was adsorbed, which exhibited a different
sensing mechanism compared with common semiconducting
materials.”® In addition to Ti,;C,T, sensors, delaminated single-/
few-layer V,CT, sensors with ultrahigh sensitivity toward
nonpolar gases were also demonstrated; they can detect both
polar and nonpolar chemical species, including hydrogen and
methane, with very low limits of detection of 2 and 25 ppm at
room temperature, attributed to the surface oxygen functional
groups on the surface of V,CT, flakes.®® In recent years, MXenes
have still received great attention in the gas sensing field. To
further meet the requirements in practical application, MXenes-
based nanocomposites have been widely been reported for gas
sensing, including Ti;C,T,/TMDs and Ti;C,T,/graphene. For
instance, Ti;C,T,/WSe, hybrid sensors were prepared by liquid
phase exfoliation and a subsequent inkjet printing method; they
exhibited an over 12-fold increase in ethanol sensitivity com-
pared to pristine Ti;C,T, sensors due to the numerous hetero-
junction interfaces formed between Ti;C,T, and WSe, (Fig. 8d).
Moreover, the hybridization process provided an effective strategy
against MXene oxidation by restricting the interaction of water
molecules (Fig. 8¢) from the edges of Ti;C,T,.”” In other work,
Ti;C,T, MXenes/graphene hybrid fiber prepared by a scalable
wet-spinning process exhibited significantly improved NH; gas
sensitivity at room temperature due to the optimized band gap,
synergistic effect, and increased oxygen in the MXene terminal
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Reproduced from ref. 97 with permission from Nature Publishing Group.

atom of hybrid fibers.”® To improve the stability of MXene
sensors in a humid environment, a surface functionalization
strategy for Ti;C,T, with fluoroalkylsilane (FOTS) molecules was
demonstrated, which not only exhibited mechanical and environ-
mental stability but also enhanced sensing performance. According
to density functional theory simulations, the strong adsorption
energy of ethanol on Ti;C,T,-F and the local structure deformation
induced by ethanol adsorption contribute to the gas sensing
enhancement.®® Besides, the gas detecting range was enlarged
by incorporating Pd colloidal nanoclusters into Ti;C,Ty
nanosheets, which displayed moderate H, response at room
temperature; this was attributed to strong H, adsorption in the
lattice of ultrafine Pd nanoclusters, which altered the work
function and then induced electron doping of the MXene."*
4.3.3 2D MXenes-based FET-type gas sensors. To date,
MXene-based FET-type gas sensors have been rarely reported,
possibly due to their metallic features. Although pure MXenes
are regarded to be theoretically metallic, their metallic properties
have been reported to be transformed into semiconductive with
surface functional terminations that possess high field-effect
electron mobility. Therefore, MXenes can also be used as a
promising material in FET-type sensing platforms. For instance,
FET was fabricated with a single/double-layer Ti;C,T, MXene,
which exhibited a fast (~1 s), sensitive, and selective response to
alkali with high anti-interference ability in a high-ionic-strength
environment.'®" Besides, considering their water dispersibility,
high conductivity, and work-function tunability, 2D MZXenes
have potential for application as high-performance and low-cost
electrodes in FET devices.'® It was reported that the work
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function of Ti;C,T, MXene electrodes can be effectively modulated
via chemical doping with NH;, and FET chips fabricated with
Ti;C,T, MXene electrodes showed excellent device performance,
exhibiting potential application in gas sensing fields.'*

4.3.4 Summary of 2D MXenes-based gas sensors. As
described before, 2D MXenes exhibit great potential in gas
sensing fields due to their metallic properties with various
functional groups. However, 2D MXenes are usually sensitive to
humidity and are not very stable at elevated temperature, which
poses great challenges for gas detection in a harsh environment
and the following post-treatment of MXene materials. Therefore,
more emphasis should be placed on the stability of MXenes, such
as controlled surface terminations, selective modification of the
functional groups, and adoption of novel synthetic materials.
Moreover, functionalization of terminal groups with electron-
withdrawing groups or electron-donating groups could be an
effective method to improve the selectivity of MXene-based
chemiresistive-type sensors. Besides, on the basis of density
functional theory calculations, not only have reactive MXenes
been confirmed for gas adsorption, but the selectivity of MXenes
can also be improved upon oxygen functionalization. For
instance, Mo,CO, and V,CO, exhibited good selectivity to NO
molecules, while Nb,CO, and Ti,CO, showed good selectivity
toward NHj, indicating that oxygen-functionalized MXenes are
potential materials for gas sensing.'®* Therefore, in addition to
the most commonly reported Ti;C,T, in the 2D MXenes family,
other kinds of 2D MXenes with or without functionalization
should be considered for gas sensing, which could exhibit
promising gas sensing properties for practical application.
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As for FET-type gas sensors, MXenes have rarely been reported
for gas sensing due to their intrinsic metallic properties.
However, theoretical predication of semiconducting properties
in 2D MXenes was reported and awaits experimental verification.
Afterwards, together with the metallic MXene electrode, the
heterostructure-based FET-type gas sensors composed of metallic
MXenes and semiconducting MXenes with lower contact resistance
could exhibit excellent sensing properties.

4.4 2D Phosphorene

4.4.1 Structure and synthesis method of 2D phosphorene.
Phosphorene is a monolayer of black phosphorus (BP) with a
puckered honeycomb structure. Bulk BP has a layered ortho-
rhombic crystal structure whose interlayer distance is 5.4 A. In a
single layer (Fig. 9), each P atom is covalently bonded with three
adjacent atoms to form a puckered honeycomb structure.
Among the four P atoms, three of them are in the same plane,
while the fourth one is located at the parallel adjacent plane.'® In
2014, BP crystals were firstly prepared by using red phosphorus as
the source under high pressure and temperature conditions.'®
Afterwards, few-layer BP was fabricated by the mechanical exfolia-
tion method from the bulk BP crystals. Currently, liquid exfoliation
and CVD methods are also employed to prepare layered BP for
various applications because of its tunable direct bandgap, high
carrier mobility and high current on/off ratio as well as its aniso-
tropic electrical, optical, and thermal properties.

4.4.2 2D Phosphorene-based chemiresistive-type gas sensors.
Considering the potential application of BP in gas sensing fields, a
systematic study on the adsorption of small molecules (CO, H,,
H,0, NH3;, NO, NO, and O,) on phosphorene was detailed on the
basis of dispersion corrected density functional theory, mainly
focusing on the energetics, magnetic moments, and charge trans-
fer between these molecules and phosphorene. It was found that
CO, H,, H,0 and NHj act as charge donors, while NO,, NO and O,
serve as charge acceptors, which provides a reference for assessing
the effect of physisorbed small molecules on phosphorene.'”’
Similarly, through first-principles calculations of the adsorption
of CO, CO,, NH3;, NO and NO, gas molecules on monolayer
phosphorene, the superior sensing performance of phospho-
rene was predicted, and the optimal adsorption positions of
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these molecules on the phosphorene were also determined.'*®
Afterwards, the excellent sensing performance of BP was experi-
mentally confirmed by accurately comparing the sensing properties
(response/recovery time, selectivity, molar response factor, and
adsorption behavior) of BP with those of MoS, and graphene. Under
identical liquid phase deposition methods (Fig. 10a), the calculated
molar response factors, which reflect the intrinsic sensing capacity
of each material with the same molecule number, are about
20 times higher than that of MoS, and graphene (Fig. 10b). More
importantly, only BP showed highly selective response to NO, while
being unresponsive to oxygen-functionalized molecules, whereas
MoS, and graphene had similar responses to all the chemical
compounds.'® To increase the sensing performance of BP chemical
sensors, floating BP flakes on top of an electrode were prepared to
provide full (both sides) adsorption sites and avoid the interface
scattering effect. It was found from Fig. 10c that the suspended BP
sensors exhibited superior gas response (increased by 23%) with a
faster desorption rate than the conventional supported BP gas
sensors.'® To enlarge the detection range, BP incorporated with
Au and Pt was investigated for gas sensing. After incorporation with
Pt, the nanocomposites could detect low concentrations of H, with
higher response amplitude (Fig. 10d). Moreover, the incorporation
of Au nanoparticles can induce the effect of n-doping on p-type
pristine BP (Fig. 10e), that is, the response behavior of BP to
oxidizing gas changed from a p-type response to an n-type response
with high stability and a lower noise baseline."™" Recently, to further
improve the sensing properties of BP-based gas sensors, BP
nanosheets composited with the second phase have been widely
reported.”'*>*** For instance, to overcome the limitations of BP-
based sensors of slow recovery rate and fragile reproducibility to
strongly oxidizing gases, few-layer BP nanosheets incorporated with
benzyl viologen (BV) were prepared, and they exhibited superior
recovery characteristics, repeatability, selectivity, and humidity-
repelling features with nearly unchanged response (Fig. 10f). BV
not only offered additional electrons to NO, to compensate the
loss of NO, adsorption because of the surface coverage of BV, but
also passivated BP through occupying high energy adsorption sites
and then maintaining a reversible recovery and a repeatable
response.'** In other work, 4-azidobenzoic acid was used to modify
BP nanosheets to improve the stability of BP. After modification,
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Fig. 9 Crystal structures of BP. Reproduced from ref. 73 with permission from American Chemical Society.
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Fig. 10 (a) Schematic of the chemical exfoliation of bulk BP and the device fabrication process. (b) The molar response factor is calculated and
compared with that of MoS, and the graphene channel to demonstrate the superior gas adsorption properties of BP. Reproduced from ref. 109 with
permission from John Wiley & Sons, Inc. (c) Response of the supported and suspended BP chemical sensors to different NO, concentrations in N,
atmosphere. Reproduced from ref. 110 with permission from Elsevier. (d) Gas response of Pt/BP and pristine BP toward various H, concentrations.
(e) Tunable gas response behavior of Au/BP achieved by controlling Au incorporation concentrations. Reproduced from ref. 111 with permission from
American Chemical Society. (f) Repeatability of BP and BP-BV sensors to 100 ppb NO,. Reproduced from ref. 114 with permission from Elsevier.

the obtained Langmuir-Blodgett film through electrostatic inter-
action between modified BP nanosheets and dye molecules
showed good sensitivity to acid and alkali gas, with higher stability
after 10 cycles of acid-alkali testing.""®

4.4.3 2D Phosphorene-based FET-type gas sensors. To
ensure the stability of BP-based FET-type gas sensors, thick

BP flakes were firstly employed for investigating the chemical
sensing performance, and the corresponding device structure is
shown in Fig. 11a. The BP FET sensors exhibited a clear
conductance change in response to NO, concentrations as
low as 5 ppb (Fig. 11b), and the sensing devices owned good
recovery to the original conductance after flushing the device
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Fig. 11 (a) Device structure of a multilayer BP-based FET-type sensor. (b) Relative conductance changes vs. time in seconds for a multilayer BP sensor
showing sensitivity to NO, concentration. The inset shows a zoomed view of the response—recovery curves upon exposure to 5 ppb NO,. (c) The fitted
Langmuir isotherm is agreement with the measure values. Reproduced from ref. 116 with permission from American Chemical Society. (d) Schematic of
an FET device based on the PNS and the circuit for electrical and sensing measurements. (e) Thickness-dependent multi-cycle responses of the PNS
sensor to 500 ppb NO,. (f) Dynamic sensing response curve of the 4.8 nm PNS to various gases, showing the excellent selectivity to NO,. Reproduced
from ref. 117 with permission from Nature Publishing Group.
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with argon, suggesting reversible adsorption and desorption of
NO,. Additionally, the relative conductance change followed
the Langmuir isotherm (Fig. 11c) for NO, molecules adsorbed
on a surface, implying that NO, molecule adsorption via site
binding and charge transfer was the dominant mechanism for
these BP FET devices. The systematic increase in conductance
with increasing NO, concentration suggests that NO, molecules
withdrew electrons and doped the BP flakes with holes.™*® In
other work, high-performance 2D phosphorene nanosheets
(PNSs)-based FET sensors were also demonstrated (Fig. 11d);
they exhibited ultrahigh sensitivity to NO, in dry air, and the
sensitivity was dependent on the thickness (Fig. 11e). When the
thickness of PNS was 4.8 nm, the response to 20 ppb NO, at
room temperature could reach 190%. According to a statistical
thermo-dynamic model with inputs from first-principles
calculations, the highest sensitivity could be realized for PNS
thickness ranging from 4.3 to 10 nm, which is consistent
with experimental results, depending on the substrate quality.
Additionally, the fabricated PNS sensors exhibited excellent
stability in a dry air environment and high selectivity to NO,
gas (Fig. 11f) in the presence of H,, CO and H,S gases.''”
However, various challenges, such as tedious fabrication, low
response caused by rapid oxidation, large device variation due
to poor control over the layer thickness, etc., still exist in
BP-based FET-type sensors, which could be solved by
selected-area exfoliation or correlating the on/off ratio with
the sensitivity parameters.'"®

4.4.4 Summary of 2D phosphorene-based gas sensors. On
the basis of the above-described research work, 2D phosphorene
exhibited even higher response and excellent selectivity to NO,
gas compared to graphene and MoS,, indicating that 2D phos-
phorene is also a promising 2D material for gas sensing. In spite
of this, there is still much room for improvement of the sensing
properties in 2D phosphorene-based chemiresistive-type sensors,
including the recovery rate and sensitivity. Although the sensing
properties of 2D phosphorene have been improved by effective
device design and surface molecule modification, extensive stra-
tegies should also be adopted to further improve the sensing
properties of BP. Considering the instability of the BP layer in an
air environment, surface modification or encapsulation seems
necessary. However, the extra modification will definitely reduce
the number of active sites of BP for gas adsorption. Therefore, the
sensitivity, the humidity effect, the gas adsorption-desorption,
and the stability of BP-based chemiresistive-type sensors should
be comprehensively considered. As for the BP-based FET-type gas
sensors, the effect of the BP thickness on the sensing properties
and the dominant mechanism of bare BP-based FET-type gas
sensors were detailed, which all exhibited potential applications
in gas sensing. Nevertheless, BP-based FET-type sensors are still
in an early stage. For instance, BP-based nanocomposites have
rarely been reported for FET-type sensing, in which suitable
selection of the BP layer number could be very important for
excellent gas sensing properties because the variance in layer
number not only affects the sensing properties of bare BP as
described above, but also leads to different energy band struc-
tures of BP that can form different types of heterostructures with
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the second phase, leading to different sensing properties of
nanocomposites.

4.5 The other layered 2D material sensors

In addition to the above-introduced 2D materials, other layered
2D materials, such as layered semiconducting metal oxides
and layered group III-VI semiconductors, have also exhibited
potential application in gas sensing fields. 2D metal oxide
nanosheets can be employed as active sensing elements both
individually and when incorporated in 3D architectures. How-
ever, individual nanosheets are very difficult to handle for gas
sensing; most reports employing 2D metal oxide nanosheets as
sensing materials refer to 3D architectures that consist of 2D
nanosheets. 2D metal oxide nanosheets are usually prepared by
hydrothermal or solvothermal procedures, spontaneously or
with the help of structure-directing agents, in which meso-
and macropores can be formed during oxidation or annealing
of non-porous precursor flakes. To date, various 2D metal
oxides assembled in flower or film structures with different
nanosheet thicknesses have been widely reported for gas sen-
sing, including WO3, ZnO, SnO,, V,0s, NiO, and Co30,4, which
exhibited higher sensing properties due to the large specific
surface area and pore structure-induced gas diffusion channels."*
Recently, density functional theory calculations have been widely
employed to study the sensing mechanisms of 2D metal oxides,
including 2D WO,;"° and noble metal-doped or decorated
Zn0,""'*? at the atomic scale; this could provide atomistic insight
and a better understanding of the sensing properties of 2D metal
oxides, exhibiting the huge potential of 2D metal oxides in gas
sensing. However, the reported 2D metal oxide-based gas sensors
are almost all chemiresistive-type, while FET-type gas sensors
based on 2D metal oxide nanosheets are rarely reported.
Layered group III-VI semiconductors, including Gas,
GaSe,"** GaTe,"* and InSe,"*® also exhibit potential application
in gas sensors on the basis of the different photoelectric
properties of fabricated phototransistors in various gas envi-

123

ronments; they can be synthesized by mechanical exfoliation,
liquid exfoliation, vapor-phase deposition, and van der Waals
epitaxial growth methods. In addition to the common 2D
TMDs, room-temperature NO, sensing characteristics of 2D
NbS, nanosheets have also been reported. It was found that the
fabricated NbS, chemiresistive-type sensors exhibited reversible
and selective NO, sensing performance at room temperature, and
the sensing properties of 2D NbS, can be modified by different
edge configurations depending on the synthetic conditions."*’ In
other work, 2D PtSe, films prepared by a post-selenization process
were employed for NO, sensing. The sensing properties were further
optimized by controlling the selenization temperature, and the layer
number was also essential for the good sensing properties. Through
comprehensive analysis, the important roles of the strain effect and
band structure of PtSe, films in the sensing properties were
revealed."”® Beyond that, PtSe,-based FET-type sensors were
reported; they exhibited very high responses of 2220% and
675% to 10 ppm and 1 ppm NO,, respectively, indicating the
promising toxic gas detection by PtSe, FET-type sensors.">® In
addition to the above-described 2D materials, novel 2D materials
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2D Materials Sensor type Gas Response LoT (ppb) Signal Ref.
Gr Chemiresistive 1 ppm NO, 4% 1 G 53
v-Fe,0;@RGO Chemiresistive 50 ppm NO, 3.43 <100 G 69
NiO-SnO,_rGO Chemiresistive 60 ppm NO, 62.27 — G 1
PS modified Gr FET 50 ppm NO, 45.1% 4.8 G, Vbirac 72
Monolayer WS, Chemiresistive 250 ppm NH;3 2.58% — G 75
TiO, QDs/WS, Chemiresistive 250 ppm NH;3 43.72% — G 75
rGO-WS, Chemiresistive 10 ppm NH; 121% — G 76
Five-layer MoS, FET 200 ppm NH; 51% — G 84
Five-layer MoS, with V, FET 200 ppm NH; 8% — G 84
Five-layer MoS, FET 100 ppm NO, 200% — G 84
Five-layer MoS, with V, FET 100 ppm NO, 400% — G 84
CVD-grown monolayer MoS, FET 20 ppb NO, 20% — G 85
CVD-grown monolayer MoS, FET 1 ppm NH; 40% — G 85
1T/2H heterophase MoS, FET 2 ppm NO, 25% 25 G 90
TizC,Ty Chemiresistive 100 ppm ethanol 1.76% 50-100 G 95
V,CT, Chemiresistive 100 ppm H, 0.22 2000 G 96
TizC,T,/WSe, Chemiresistive 40 ppm ethanol 9 — G 97
TizC,Ty/rTGO Chemiresistive 50 ppm NH; 6.8% — G 98
Ti;C,TyF Chemiresistive 120 ppm ethanol 14% — G 99
BP Chemiresistive 0.1 ppm NO, 40% — G 109
Pt/BP Chemiresistive 10 ppm H, 5% — G 111
BP-In,0; Chemiresistive 100 ppb NO, 12 — G 112
BP-BP Chemiresistive 50 ppb NO, 33% 3.3 G 114
Multi-layer BP FET 20 ppb NO, 0.2 <5 G, V,/I curves 116
4.8 nm-thick BP FET 20 ppb NO, 190% — G 117
InSe Chemiresistive 1 ppm NO, 25% 40 G 126
InSe under UV Chemiresistive 1 ppm NO, 100% 0.98 G 126
NbS, Chemiresistive 1 ppm NO, 5% — G 127
PtSe, Chemiresistive 1 ppm NO, 600% 0.2 G 128

such as SiBi nanosheets™® and lead pathalocyanine thin films™"

were reported for gas sensing. Additionally, the sensing pro-
perties of 2D materials for chemiresistive- and FET-type gas
sensing have been summarized, as shown in Table 2.

5. Outlook

In this article, we have reviewed the recent development of 2D
material-based chemiresistive- and FET-type gas sensors, including
the sensing mechanisms, chemical structures and synthesis meth-
ods of 2D materials and their sensing properties. Although great
success has been achieved in 2D material-based gas sensors
during the past decades, the sensing properties should be further
improved to satisfy the higher requirements in special sensing
fields, such as medical diagnosis based on human breath and gas
detection in harsh environments. To achieve this goal, the screen-
ing of the sensor type, the selection of the sensing materials, and
the electronic device fabrication should be comprehensively con-
sidered to better understand the sensing mechanism. Here, we will
compare chemiresistive-type gas sensors with FET-type gas sensors
from three points, including sensing materials preparation, chip
fabrication and sensing performance. Firstly, the advantages and
disadvantages of these two types of sensors will be pointed out.
Subsequently, possible solutions to the existing problems will be
given, and the future prospects based on these two types of sensors
will be summarized.

For chemiresistive-type 2D materials-based gas sensors, the
sensing materials are usually based on 2D powder materials

This journal is © the Owner Societies 2021

that are composed of aggregated nanosheets; this leads to
difficulty in confirming the actual thickness of the sensing
layer, resulting in a large variance in sensing properties
between different sensing chips. Therefore, it is very important
to precisely control the thickness of the sensing layer for the
practical application of chemiresistive-type gas sensors. Differ-
ent from chemiresistive-type gas sensors, 2D channel materials
of FET-type sensors are usually based on single 2D nanosheets
in which the layer number can be precisely controlled by direct
synthesis or dry/wet transfer method, resulting in consistency
of different sensing chips with the same channel width and
length. Concerning chip fabrication, the chemiresistive-type
gas sensors with two-terminal electrode structures are inexpensive
and easy to fabricate, and target gases can be detected by measur-
ing the change in resistance before or after exposure to the gases.
Meanwhile, the three-terminal electrode structure in FET-type
sensors requires a complex preparation process, including mate-
rial preparation, photolithography, and electron beam evapora-
tion. However, owing to the structure of the transistors, multi-
parameters in FET-type sensors can be obtained before or after
exposure to the target gas, such as on/off ratio, threshold voltage,
swing rate, and conductance, which can provide more possibility
to distinguish complex gas mixtures. Although various strategies
have been widely reported to improve the sensing properties of
chemiresistive-type and FET-type 2D materials-based gas sensors,
the limit detection concentration still needs to be improved for
ultra-low gas concentration detection. To improve their sensing
properties, the sensing mechanisms of these two types of sensors
should be detailed. Concerning chemiresistive-type gas sensors,
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the grain boundaries between nanosheets, gas adsorption behav-
ior in the surface layer or interlayer, and intrinsic properties of
different 2D materials should be comprehensively considered in
addition to the commonly focused specific surface area and sur-
face adsorption sites. Meanwhile, for FET-type gas sensors, the
sensing mechanism is still controversial, such as the surface
charge transfer or Schottky barrier height, the effect of the layer
number, efc. Besides, the effect of defect density on the sensing
properties of FET-type sensors and even the transfer characteristics
of FET devices are still not involved. In addition to the
sensitivity, the room-temperature recovery rate and the selectivity
still need to be optimized based on these two types of gas sensors.
Especially, the FET-type gas sensor usually exhibits similar
responses to various kinds of gases because of the dominant
surface charge transfer mechanism, leading to poor selectivity of
FET-type gas sensors. Moreover, the slow recovery rate and
humidity-dependent property severely limit their application in
gas sensing fields.

On the basis of the abovementioned problem, there is still a
long way to go from the experiment stage to practical applica-
tion, whether for chemiresistive-type gas sensors or FET-type
sensors. Considering the variance between different sensing
chips in chemiresistive-type sensors, the on-chip fabrication
method should be adopted to precisely control the thickness of
the sensing materials, such as ink-jet printing or direct growth
through CVD or hydrothermal methods. Of course, the stability
of special 2D materials should be considered during the pre-
paration. The tedious fabrication process in FET-type gas
sensors could be replaced by the mechanical electrode transfer
method, in which the electrode can be directly transferred from
substrate to the channel material through a tungsten needle.
However, good contact between the electrode and channel
material should be ensured to maximize the changes of the
electrical properties induced by gas exposure. Concerning the
common problems of humidity-dependence, slow recovery rate,
and poor selectivity in chemiresistive- and FET-type gas sen-
sors, porous thin film encapsulation, introduction of an extra
light source, and construction of gas sensor arrays could be
adopted. It is worth noting that modulating one factor could
affect the other performance parameters. For instance, porous
thin film encapsulation could improve the stability of gas
sensors or reduce the humidity effect, which may also impose
a negative effect on the sensitivity. Therefore, the sensing
performance of 2D materials-based gas sensors should be
comprehensively considered when the corresponding strategies
are employed. Besides, more emphasis should be placed on the
sensing mechanism of FET-based gas sensors, especially in the
circumstance of divergence in layer number, surface charge
transfer or Schottky barrier height, which could be detailed by
tuning the channel length, the electrode material, and the layer
number without changing the other factors. Considering that
FET-type gas sensors can be easily integrated with CMOS
circuits on a single chip, FET-type gas sensors could exhibit
greater potential applications in gas sensing fields compared to
chemiresistive-type gas sensors, including wearable, flexible,
and miniaturized electronic devices.
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